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C BY-NC-Abstract The kinetics of the reaction between vitamin C (L-ascorbic acid) and ferric chloride hexa-
hydrate was investigated in acidic medium at pH 3 spectrophotometrically. The order of the reac-
tion was established by applying different methods, such as initial rate method, integration method
and half-life method. The results obtained from each method were correlated with each other and
consistency in all methods was observed. The order of the reaction with respect to each reactant was
found ﬁrst and the overall second order was recommended for the reaction.
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Vitamin C (L-ascorbic acid) is a very important substance due
to its solubility in water, antioxidant and reducing properties
(Farrukh et al., 2003). It has gained much importance in differ-
ent ﬁelds of science, such as in chemistry, biology, pharmacol-
ogy and several areas of medicine. L-Ascorbic acid (H2A) has
two protons with the ﬁrst and second dissociation constants111 000 010.
(M.A. Farrukh).
y. Production and hosting by
Saud University.
lsevier
ND license.of pK1 = 4.1 and pK2 = 11.6, respectively, and is considered
as a strong reducing agent because of its small redox potential
value (E0 0.223 V) at pH 3. Medium as well as pH inﬂuence
the redox potential values of ascorbic acid and oxidizing
agents which in turn affect the rate of redox reaction (Farrukh
and Naqvi, 2004; Borsook and Keighley, 1933).
Vitamin C belongs to endiol group and has two alcoholic
groups with acidic character at positions 2 and 3. Oxidation
of ascorbic acid (vitamin C) leads to the formation of dehydro-
ascorbic acid with the removal of two protons and two elec-
trons as shown below (Farrukh et al., 2003).OH
OH
HO
O
O
HO
O
OH
HO
O
O
O
+ 2H+ +  2e-A number of investigations regarding kinetic study of the
oxidation of ascorbic acid by different oxidizing agents alone
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reported. Oxidation of ascorbic acid by molecular oxygen
facilitated by Cu(II)-containing amyloid-b complexes (Jiang
et al., 2010), polyaniline (Yano et al., 2010), polycrystalline
silver in alkaline solution (Kasmaee and Gobal, 2010), ZnO
microcrystalline modiﬁed glassy carbon electrode (Weetee
et al., 2010), Co(II)-assisted by dioxygen and nitrite in aqueous
solution (Vlasova et al., 2009) and ruthenium(III) (Tripathi
and Mehrotra, 2003) is one of examples of the recent research.
Metal complexes (Farrukh and Naqvi, 2005; Mayadevi
et al., 1998), such as hexacyanoferrate(III) (Farrukh et al.,
2003), tris(oxalate) cobaltate in the presence of CDTA
metal ion complexes (Moya and Coichev, 2006), molyb-
datopentaamminecobalt(III) ion (Holder et al., 1997), trans-
dioxoruthenium(VI) complex (Wang et al., 2009), also have
great tendency towards oxidation of ascorbic acid.
Micelles (aggregates of surfactants) catalyze the reactions
depending on the nature of surfactant/micelle being as
cationic, anionic, zwitterionic or non-ionic (Silva et al., 2009;
Farrukh et al., 2008; Marte et al., 2007). Oxidation of ascorbic
acid in the presence of cationic and anionic micelles has been
studied by various authors, such as Szymula and
Narkiewicz-Michaek (2009), Shukla et al. (2008) and Makote
and Chatterjee (1998).
Nanomaterials (nanocatalysts) in the form of nanoparticles
(Yazid et al., 2010), nanorods (Yazid et al., 2010), nanoballs
(Farrukh et al., 2010a) and nanoplates (Farrukh et al.,
2010a) etc. have become increasingly important in the ﬁeld
of catalysis of different redox reactions as well as hydrogena-
tion reactions (Adnan et al., 2010). Goyal et al. studied the ef-
fect of spherical nanogold particles and nanogold plates for the
oxidation of dopamine and ascorbic acid (Goyal et al., 2009).
A lot of data on kinetics have been reported by using inte-
gration method but different methods should also be employed
for a complete study of a reaction system and for veriﬁcation
of the results. In this paper, the kinetics of the oxidation of
vitamin C (L-ascorbic acid) by ferric chloride hexahydrate
was investigated in acidic medium and the rate of the reaction
was studied by applying three different kinetic methods under
pseudo ﬁrst order condition. This work also helps to estimate
the concentration of iron as compared to earlier reported
methods (Farrukh et al., 2010b).
2. Experimental
All the chemicals, L-ascorbic acid (C6H8O6), ferric chloride
hexahydrate (FeCl3Æ6H2O), and sulphuric acid (H2SO4) were
of BDH (AnalaR) grade and were used without further
puriﬁcation.Table 1 Concentration of ferric chloride hexahydrate and vitamin
Exp. No. [FeCl3] · 103 (M) [FeCl3]a · 103 (M)
A 1 0.5
B 1 0.5
C 1 0.5
D 1 0.5
E 2 1.0
F 3 1.5
G 5 2.5
a Concentrations were calculated in 3 mL quartz cell by taking 1.5 mL2.1. Preparation and dilution of solutions
The sulphuric acid of pH 3 was prepared by using a pH meter
(Chemcadet 5986-62) and was used as solvent throughout the
experiment. The stock solution of 0.1 M vitamin C @ (0.1 M)
was prepared in sulphuric acid solution and then consequently
diluted to 5.0 · 103, 1.0 · 102, 2.0 · 102 and 3.0 · 102 M.
Stock solution of ferric chloride hexahydrate (0.1 M) was pre-
pared in sulphuric acid solution and dilutions were made at
different concentrations of 1.0 · 103, 2.0 · 103, 3.0 · 103
and 5.0 · 103 M.
2.2. Absorption spectra and molar absorptivity
The spectrum mode of UV–visible spectrophotometer (Shima-
dzu 1700) was used to record the absorption spectrum of ferric
chloride hexahydrate and vitamin C. The maximum absorp-
tion (kmax) of ferric chloride hexahydrate was obtained at
304 nm.
2.3. Kinetic measurements
Kinetic measurements were carried out at the kinetic mode of
UV–visible spectrophotometer and experiment was run in two
different parts. The ﬁrst part was conducted by varying the
concentration of vitamin C at constant concentration of ferric
chloride hexahydrate (A–D) as tabulated in Table 1. The sub-
sequent part of the experiment dealt with constant concentra-
tion of vitamin C at various concentration of ferric chloride
hexahydrate (B, E–G). The reaction mixture was maintained
at pH 3 because at high pH value, the rate of decomposition
of dehydroascorbic acid becomes very fast which makes the
data unreliable (Borsook and Keighley, 1933). 1.5 mL of both
reactants placed into a 3 mL quartz cell; the change in absor-
bance with respect to time was recorded at wavelength of
304 nm. Experimental set up is represented in Table 1.
3. Results and discussion
Different methods, such as integration/graphical, half-life and
initial rate method were used to establish the order of the reac-
tion in conjunction with isolation method. Order of the redox
reaction between vitamin C and ferric chloride in acidic med-
ium was determined using (1) integration method by plotting
ln(At  A1) versus time, (2) half life method by plotting absor-
bance versus time and (3) initial rate method by plotting initial
rate against initial concentration of reactants.C and their molar ratio.
[H2A] · 102 (M) [H2A]a · 103 (M) Molar ratio
0.5 2.5 1:05
1.0 5.0 1:10
2.0 10 1:20
3.0 15 1:30
1.0 5.0 1:05
1.0 5.0 1:3.3
1.0 5.0 1:02
of each reactant.
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method was used where concentration of one reactant is kept
in large excess that is isolated as compared to the other. There-
fore, the results of isolation method are part of the results
shown in Tables 2–4. In this way, an isolation reaction method
helps to study the complex reaction as well as to determine the
order of the reaction of non-isolated species while keeping the
other in excess concentration.
3.1. Integration/graphical method
In integrated rate expression, the correlation of concentration
to time is used for the determination of the order of the reac-
tion. Integrated rate equation ln(At  A1) = kt+ ln Ao was
used for the ﬁrst order kinetics. The graphs were plotted be-
tween ln(At  A1) and time for all the experiments, where At
and A1 are the absorbance at time t and at the end of reaction.
In both parts, for experiments from A to D with constant ferric
chloride hexahydrate concentration and for experiments B, E–Table 2 Determination of the order of reaction using
integration method.
Exp. No. [FeCl3] · 104 (M) [H2A] · 103 (M) kobs (s1)
A 5.0 2.5 0.0448
B 5.0 5.0 0.1759
C 5.0 10 0.2353
D 5.0 15 0.2903
E 10 5.0 0.0367
F 15 5.0 0.1081
G 25 5.0 0.2077
Table 3 Determination of the order of reaction using half-life
method.
Exp.
No.
[FeCl3] · 104
(M)
[H2A] · 103
(M)
Half
life (s)
kobs = 0.693/t1/2
(s1)
A 5.0 2.5 15.5 0.0447
B 5.0 5.0 4.0 0.1732
C 5.0 10 3.0 0.2310
D 5.0 15 3.0 0.2310
E 10 5.0 18.5 0.0374
F 15 5.0 6.4 0.1082
G 25 5.0 3.4 0.2038
Table 4 Determination of the order of reaction using initial
rate method.
Exp.
No.
FeCl3 · 104
(M)
[H2A] · 103
(M)
Multiple of
concentration · 106
(M2)
Initial
rate (M/s)
A 5.0 2.5 1.25 0.000011
B 5.0 5.0 2.5 0.000020
C 5.0 10 5.0 0.000039
D 5.0 15 7.5 0.000051
E 10 5.0 5.0 0.000054
F 15 5.0 7.50 0.000060
G 25 5.0 12.5 0.000094G with constant concentration of vitamin C, pseudo ﬁrst order
reaction with respect to each reactant was observed from the
linear response of these graphs. The pseudo ﬁrst order rate
constant (kobs) was determined from the slope of the graph
for each set of reaction. The data obtained from the integra-
tion method is presented in Table 2 and displayed in Fig. 1.
It was observed that rate constant was not constant in both
set of experiments, which is an indication of the dependence
of rate constant on both reactants.
3.2. Half-life method
Half-lives were determined at different halves of the initial con-
centrations from the exponential curves of the graphs plotted
between absorbance versus time (Fig. 2). It was found that
half-life is independent of initial concentration that is a charac-
teristic of a ﬁrst order reaction. Therefore, it is established that
reaction with respect to each species is that of ﬁrst order. Pseu-
do ﬁrst order rate constant (kobs) values were determined from
the formula of ﬁrst order, kobs = 0.693/t1/2, as shown in Table
3. These kobs were correlated with kobs obtained from the slope
of integrated plots and in Table 2 and Fig. 1, which show con-
sistency in results.-8
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Figure 1 Linear regression plots for the determination of the
order of reaction using integration method.
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Figure 2 Plots used for the calculation of half-lives and initial
rate values.
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Figure 5 Plot representing overall second order reaction, veri-
fying the rate law Rate = k [Fe(Cl)3] [H2A].
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Table 4 shows the initial rate data obtained by maintaining the
constant concentration of one reactant while changing the ini-
tial concentration of the other. The absorbance values were
plotted against time and initial rate values were calculated
from the slope of the plots of absorbance values versus time
by drawing a tangent line on the exponential curves at time
zero (Fig. 2).
Initial rate values of the ﬁrst part of the experiment from set
A–D as displayed in Table 4 were plotted versus initial concen-
trations of vitamin C at constant ferric chloride hexahydrate
concentration (Fig. 3). The straight line indicates that the reac-
tion follows the following rate equation:
Rate ¼ kobs ½H2Ax
and
kobs ¼ k ½FeCl3y
where x is equal to 1. The appearance of a straight line indi-
cates that the reaction was pseudo ﬁrst order with respect to
vitamin C according to the above rate law.
Meanwhile for the other part of experiment (B, E–G), i.e.,
when the concentration of vitamin C remains constant and the
concentration of ferric chloride hexahydrate was varied, the
plot of initial rate values versus initial concentration of ferric
chloride hexahydrate also generates a straight line which shows
that there was a ﬁrst order reaction with respect to ferric chlo-
ride hexahydrate, thus y= 1, (Table 4 and Fig. 4).0.0E+00
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Figure 4 Determination of the order of reaction using initial rate
method with respect to ferric chloride hexahydrate at constant
vitamin C concentration.
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Figure 3 Determination of the order of reaction using initial rate
method with respect to vitamin C at constant ferric chloride
hexahydrate concentration.The rate equation at constant concentration of vitamin C
can be expressed as:
Rate ¼ k0obs ½FeCl3y
where
k0obs ¼ k ½H2Ax
and the overall rate equation with respect to ﬁrst order of each
reactant is written as:
Rate ¼ k ½H2Ax½FeCl3y
Overall second order was suggested and was conﬁrmed by
plotting initial rates versus product of the concentration of
vitamin C and ferric chloride hexahydrate. The straight line
was obtained as shown in Fig. 5 by using the rate equation
(Rate = k [H2A]
x[FeCl3]
y) which demonstrates an overall sec-
ond order reaction (y+ x= 2). Where k is second order rate
constant for the reaction.
4. Conclusions
The kinetic study of oxidation of vitamin C with ferric chloride
hexahydrate by using either integration method (change in
concentration with time) or initial rate method (change in ini-
tial rate with change in initial concentration) was carried out.
Half-life method is an extension of the integration method and
is used to ﬁnd out as well as to verify the kinetic data from the
integration method. To investigate the kinetics of vitamin C in
the redox reaction, all methods were employed simultaneously.
The order of the reaction was established and found to be
pseudo ﬁrst order with respect to each of the reacting species.
Hence overall order of the reaction recommended was with the
rate law of Rate = k [H2A][FeCl3]. There is a need of harmo-
nization in the information gathered through application of
these two methods. The data and results obtained from each
method were in agreement with each other and consequently
verify the order of reaction.
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